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In  the  modern  technological  world,  applications  are  rapidly  demanding  homogeneous,  reproducible, 
scalable  processes  for  films  and  catalytic  surfaces.  The  uses  of  spray  pyrolytic  methods  for  fabricating 
these  films  have  received  attention  since  the  late  1980s,  and  today  spray  pyrolysis  finds  use  in  a  vari¬ 
ety  of  applications,  ranging  from  biomedical  to  industrial,  microelectronics  to  ceramics.  In  this  review, 
basic  parameters  of  spray  pyrolysis  for  catalytic  and  thin  film  formation  are  summarized,  while  recent 
developments  in  spray  deposition  for  environmental  remediation,  photovoltaics,  fuel  cell  and  battery 
materials,  biomedical  applications,  and  microelectronics  are  also  discussed. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  modem  technological  world,  applications  are  rapidly 
demanding  homogeneous,  reproducible,  scalable  processes  for 
films.  The  uses  of  spray  pyrolytic  (SP)  methods  for  fabricating  these 
films  have  received  attention  since  the  late  1980s,  though  today 
spray  pyrolysis  finds  use  in  a  variety  of  applications,  ranging  from 
biomedical  to  industrial,  microelectronics  to  ceramics.  A  compre¬ 
hensive  review  of  spray  pyrolysis  is  a  difficult  task  to  undertake; 
we  have  thus  chosen  to  restrict  ourselves  to  non-plasma  methods, 
focusing  on  liquid,  powder,  and  flame-spray  deposition  techniques. 
There  are  many  other  published  reviews  and  we  will  mention 
these  here  that  the  reader  is  referred  to  for  further  information. 
We  present  a  comprehensive  introduction  to  spray  pyrolytic  tech¬ 
niques  in  liquid  and  powder  form;  as  well  as  a  summary  of  current 
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status  of  industrial  and  chemical  progress  in  the  field  of  spray 
pyrolysis  in  a  variety  of  disciplines,  including  photocatalysis, 
ceramics,  and  electrocatalysis. 


2.  Spray  pyrolysis  parameters 

2.1.  Atomization  of  liquids 

Spray  pyrolysis  techniques  involve  the  acceleration  of  a  liquid 
or  liquid/solid  phase  precursor  solution  from  a  specially  designed 
atomizing  nozzle  (atomizer)  to  carry  a  droplet  of  reagents  to  a  sur¬ 
face  or  interface.  There  are  various  parameters  based  on  which  the 
atomizer  are  classified.  We  have  based  the  respective  methods  on 
different  sources  of  energy  atomizers  divided  to  four  classes,  liquid 
and  gas  energy,  mechanical,  vibrational,  and  electrical  energy  [1], 
Our  focus  is  mostly  on  atomizers  in  gas  energy  (pneumatic  accel¬ 
eration),  including  vibrational  (ultrasonic)  and  electrical  energy 
(electrostatic)  devices.  Thus,  spray  pyrolysis  is  usually  classified  as 
air  blast  or  pressurized  spray  pyrolysis  [2],  ultrasonic  spray  pyrol¬ 
ysis  [3]  and  electrostatic  spray  pyrolysis  [4j. 
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In  electrostatic  spray  pyrolysis,  different  spraying  modes  are 
acquired  which  were  classified  by  Cloupeau  and  Prunet-Foch  [5]  as 
dripping,  micro-dripping,  spindles,  con-jets  and  simple  jets.  Each 
mode  has  various  droplet  size  distributions  that  have  effects  on  film 
properties. 

There  are  some  reports  on  modifying  the  process  of  SP  to 
overcome  limitations  which  are  encountered  with  corona  spray 
pyrolysis  [6],  improved  spray  pyro-hydrolysis  [7]  and  micro¬ 
processor  based  spray  pyrolysis  [8],  This  is  accomplished  by 
using  different  atomizers,  resulting  in  different  droplet  veloc¬ 
ities  and  sizes  which  impact  the  properties  of  the  deposited 
film  [9], 

2.2.  Transportation  and  evaporation  of  solvent 

The  transportation  of  aerosol  droplets  from  the  atomizer  to  the 
substrate  is  part  of  the  deposition  process  during  which  shrinkage 
of  droplets  occurs  as  a  result  of  solvent  evaporation.  The  perfect 
situation  is  for  droplets  of  precursor  reaching  the  target  just  as 
its  evaporation  has  been  completed  10],  Filipovic  [11]  identified 
four  forces  which  affect  aerosol  formation,  including  gravitational, 
electrical,  stroke,  and  thermophoretic  forces.  Each  of  these  forces 
varies  substantially  as  the  droplet  undergoes  continuous  vaporiza¬ 
tion  during  its  path  toward  the  substrate. 

Computer  modeling  of  the  spraying  process  should  include  vari¬ 
ation  in  these  forces.  Chen  [12]  calculated  the  flight  time  of  droplets 
in  an  ESD  process  for  small  distances  which  allowed  for  assump¬ 
tions  such  as  constant  electric  fields,  but  ignored  assigning  a  solvent 
evaporation  parameter.  Based  on  interfacial  tension  between  sub¬ 
strates,  gases  and  droplet  liquids,  spreading  of  droplets  varied.  The 
rate  of  droplet  flattening  was  reduced  as  the  viscosity  of  the  solu¬ 
tion  was  elevated  [12].  Lampkin  [13]  has  studied  the  aerodynamics 
of  nozzles  in  which  the  velocity  and  direction  of  atomization  are 
important  factors  in  droplet  impact  on  targets. 

Some  simulations  have  been  reported  on  the  effect  of  impact 
properties  (droplet  velocity  and  size)  on  the  fattening  ratio  in  the 
scale  of  atoms.  Shimizu  et  al.  14]  has  evaluated  the  fattening  ratio 
for  Al  droplets  and  drawn  the  conclusion  that  the  flattening  ratio  is 
enhanced  by  increasing  droplet  size  and  velocity. 

The  evaporation  of  solvent  occurs  parallel  to  droplet  transporta¬ 
tion,  landing,  and  spreading  on  the  substrate.  This  effect  leads  to 
droplet  size  reduction  and  then  formation  of  precipitates.  In  the 
electrospray  deposition  (ESD)  process,  droplet  disruption  may  be 
observed  during  evaporation  defined  as  the  splitting  of  one  charged 
droplet  to  a  few  smaller  ones  when  its  charge  density  reaches  the 
maximum  amount  [12].  Depending  on  temperature  and  droplet 
size,  various  types  of  products  reach  the  target  surface  (wet  droplet, 
dry  precipitate,  vapor,  or  powder)  [10,15]  which  will  be  discussed 
later. 

The  flow  rate  of  precursor  to  the  nozzle  controls  the  spray  rate 
and  amount  of  deposited  film  on  the  target.  The  flow  rate  (/)  of 
the  aerosol  itself  is  affected  by  a  proportionality  constant  I<  and 
the  square  root  of  liquid  characteristics  such  as  viscosity  (/t,),  vapor 
pressure  (P),  and  surface  tension  (cr)  [16],  The  following  equation 
shows  this  correlation: 


Based  on  the  above  equation,  if  any  enhancement  of  the  vis¬ 
cosity  occurs  in  the  solvent,  the  flow  rate  changes  accordingly.  As 
any  additives  in  the  precursor  causes  changes  in  the  viscosity  and 
surface  tension  of  solvent,  the  flow  rate  varies  through  the  noz¬ 
zle  and  must  be  accounted  for  when  designing  spray  deposition 
experiments  [16], 


Perednis  et  al.  have  studied  the  flow  rate  parameter  in  ESD  and 
pressurized  spray  deposition  (PSD)  [17],  Their  investigation  shows 
that  changing  the  flow  rate  of  precursor  has  a  significant  influ¬ 
ence  on  the  process.  As  a  result,  ESD  (with  the  normal  flow  rate  of 
1-8  mL/h)  is  more  sensitive  to  flow  rate  parameters  than  PSD  (nor¬ 
mal  range  of  flow  rate  30-120  mL/h).  At  lower  feed  rate  of  precursor 
in  the  ESD  process,  denser  homogeneous  thin  films  can  be  regularly 
synthesized.  In  both  processes  though,  the  higher  the  flow  rate,  the 
higher  the  possibility  of  film  cracking,  due  to  many  of  the  previ¬ 
ously  noted  processes.  The  related  concept  of  droplet  formation 
and  droplet  entrainment  is  illustrated  in  Fig.  1  showing  the  forma¬ 
tion  of  deposits  from  TiC>2  aerosol-derived  films  [18].  The  effects  of 
droplet  size,  evaporation  rate,  substrate  distance,  and  flow  rates  can 
be  illustrated  as  having  major  consequences  for  deposited  films. 

2.2.1.  Particles 

The  previously  discussed  pyrolysis  techniques  describe  liquid 
precursors  carrying  metallic  or  polymeric  solutes  being  sprayed. 
However,  the  original  spray  deposition  techniques  were  originally 
conceived  for  nano-scale  powders  in  suspension  [19],  Preparation 
of  field  effect  transistors  [20],  carbon  nanotubes  [21  ],  and  thin  films 
[22  have  been  carried  out  by  the  aerosol  method.  To  produce  parti¬ 
cles  and  powders,  a  typical  spray  pyrolysis  setup  as  discussed  before 
(and  similar  to  thin  film  synthesis  set  ups)  includes  precursor  solu¬ 
tions,  aerosol  generators  or  atomizers,  reactors  or  hot  furnaces  and 
collectors  for  product  [23], 

Aerosols  are  defined  as  a  suspension  of  solid  or  liquid  particles 
in  a  gas  medium.  To  prepare  particles  by  aerosols,  two  different 
methods  are  applicable  which  include  vapor  deposition  techniques 
and  spraying  of  a  liquid-phase  precursor.  Preparing  particles  by 
generating  aerosols  has  several  advantages:  controllable  crystallite 
size,  morphology  and  composition  of  particles,  low  cost  opera¬ 
tion,  continuous  operation,  and  high  rate  production  [24].  Recent 
improvements  in  the  designs  of  spraying  nozzles  prevent  issues 
such  as  clogging  and  breaking  of  the  nozzle  by  pressure  buildup. 
Once  an  aerosol  is  formed,  the  spray  is  directed  toward  a  furnace  in 
which  solvent  evaporation,  component  diffusion,  forming  precipi¬ 
tates,  and  pyrolysis  may  occur.  A  substrate  for  film  formation  may 
be  housed  in  such  furnaces. 

Size,  size  distribution  and  morphology  of  particles  are  manip¬ 
ulated  by  controlling  the  droplets  in  the  aerosol,  and  their 
environment  of  atomization.  Atomization  is  classified  as  jet,  swirl, 
jet-swirl,  pneumatic,  rotary,  acoustic,  ultrasonic  and  electrostatic 
[  1  ]  depending  on  the  nozzle  geometry  and  spray  technique.  There 
are  some  review  papers  on  synthesizing  particles  via  spray  pyroly¬ 
sis  techniques  [19,24,25  j.  Of  note  is  the  review  by  Jung  et  al.  [25d], 
which  points  to  enhancement  of  research  work  on  spray  pyrolysis 
in  recent  years. 

2.3.  Spray  pyrolysis  techniques  -  flame  spray  pyrolysis 

A  search  for  “flame  spray  synthesis”  on  ScienceDirect  returns 
1899  articles  as  of  September  26th,  2013  since  2010;  More  than 
450  articles  came  out  each  year,  and  has  covered  topics  includ¬ 
ing  fuel  cells,  thin  films,  photocatalytic  activities,  NO*  emissions, 
diesel  fuel,  calcium  phosphate,  heat  transfer,  ZnO  nanoparticles, 
and  carbon  nanotubes.  Flame  spray  pyrolysis  (FSP)  utilizes  similar 
methodology  at  the  previously  listed  spray  techniques;  precursors 
can  be  liquid/liquid  phase,  or  a  suspension  of  particles  in  a  liquid 
which  is  sprayed  via  an  atomizer.  In  flame-spray  pyrolysis,  the  out¬ 
let  stream  is  passed  through  a  methane  or  hydrogen-fueled  flame, 
resulting  in  fast  combustion,  solvent  evaporation  and  pyrolysis, 
affording  nanoparticles  of  varying  morphologies.  Temperatures  of 
spraying  can  reach  2000 1<  at  the  outlet;  and  the  resulting  spray 
can  be  trapped  in  a  collector  or  subjected  to  further  pyrolysis. 
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Fig.  1.  Formation  of  Ti02  from  Ref.  [18]  showing  droplet  entrainment  for  several  aerosol  vapour  techniques. 
Used  with  permission  from  Ref.  [18], 


The  authors  acknowledge  a  recent  review  by  Strobel  [26]  which 
approaches  the  topic  clearly. 


2.4.  Spray  pyrolysis  is  comparison  with  other  thin  film  and 
particle  synthesis  techniques 

The  previously  discussed  controllable  factors  influencing  spray 
pyrolysis  techniques  make  the  practice  applicable  in  many  areas, 
but  to  make  the  process  desirable  the  technique  must  exhibit  ben¬ 
efits  over  competing  techniques.  For  synthesis  of  powders  from 
liquid  precursors,  spray  pyrolysis  offers  small  particle  size  distribu¬ 
tion  [27],  precise  precursor  dosing  control,  and  ambient  pressure 
processing.  Compared  to  tradition  al  synthesis  techniques  (reflux, 
solid  state,  pyrolysis)  spray  pyrolysis  can  be  used  in  many  of  the 
same  process  conditions;  though  through  modifying  process  con¬ 
ditions  one  may  exercise  precise  control  over  relevant  synthesis 
parameters  (doping  levels,  particle  size,  atomization  technique, 
calcination  temperature). 


The  benefits  of  the  spray  pyrolysis  system  is  clear  in  Table  1 
which  compares  different  deposition  methods  including  chemical 
vapor  deposition  (CVD),  atomic  layer  deposition  (ALD),  sol  gel  spin 
coating,  sol  gel  drain  coating  and  spray  pyrolysis  (SP)  techniques  for 
two  common  metal  oxide  systems  (Co304  and  ZnO).  For  both  prod¬ 
ucts,  spray  pyrolysis  offers  spherical  nano  sized  grains  at  moderate 
temperature  under  room  atmosphere,  without  the  need  to  deposit 
film  under  pressure  or  vacuum. 

When  fabricating  thin  films,  spray  pyrolysis  offers  benefits 
versus  comparable  techniques,  such  as  dip/spin  coating,  drop  coat¬ 
ing  and  chemical  vapor  deposition.  Films  can  be  deposited  on  nearly 
any  substrate,  similar  to  many  other  film  techniques.  By  mov¬ 
ing  the  nozzle,  (i.e.  a  hand-held  sprayer)  coatings  may  be  applied 
in  ambient  conditions  over  wide  areas  on  non-planar  surfaces 
[39  ,  a  restriction  on  dip/spin  coating.  Versus  vapor  deposition, 
spray  deposition  allows  films  to  be  deposited  over  a  substrate  in 
non-vacuum  conditions  using  easily-handled  liquid  or  liquid/solid 
slurry  precursors.  As  with  most  film  techniques,  substrate  prepara¬ 
tion  is  key  to  the  film’s  adhesion  qualities,  while  film  morphology 


Table  1 

Synopsis  of  current  synthesis  techniques  for  cobalt  and  zinc  oxides. 


Film  composition 

Method  of  deposition 

Morphology 

Condition  (temp/pressure) 

Ref. 

CVD 

Round  grain 

350-500  °C/2-10  mbar 

[28] 

CVD 

Trigonal  pyramidal  shape 

360-540°C/10Torr 

[29] 

C03  O4 

Laser  CVD 

Leaf-like 

103  mbar 

[30] 

ALD 

Preferential  orientation 

1 00-400  °C/10-5  mbar 

[31] 

SP 

Spherical  nano-sized  grains 

350°C/no  pressure 

[32] 

Sol-gel  spin  coating 

Spherical-elongated  grain 

400-700 °C 

[33] 

CVD 

Elongated  grains 

360  °C 

[34] 

ALD 

Spherical  and  worm-like  grains 

400- 1 000 1  C/40-65  Pa 

[35] 

ZnO 

SP 

Spherical  nano-sized  grains 

430-610  °C/no  pressure 

[36] 

Sol-gel  drain  coating 

Spherical  grains 

350°C 

[37] 

Deep  coating 

Spherical  grains 

200-500 °C 

[38] 
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Fig.  2.  Transmission  spectra  of  Ti02  layer  on  glass  substrate. 

Reprinted  with  permission  from  Ref.  [47], 

can  be  influenced  by  process  parameters  as  well  as  chemical  com¬ 
position  [40], 

3.  Applications  of  spray  pyrolysis 

3.3.  Photocatalysis:  titania  dioxide  and  zinc  oxide  thin  films  for 
environmental  remediation 

Heterogeneous  photocatalysis  is  one  of  the  important  and  grow¬ 
ing  topics  in  environmentally  friendly  catalyst  research.  Extensive 
research  had  already  been  performed  and  is  underway  for  the 
elimination  of  hazardous  waste  from  the  environment  [41,42] 
After  the  discovery  of  photocatalytic  splitting  of  water  on  tita¬ 
nium  dioxide  (Ti02)  electrodes  by  Fujishima  and  Hunda  [43],  small 
semiconductor  materials  have  attracted  several  interests  for  envi¬ 
ronmentally  friendly  photocatalysis  [42,44].  Much  work  was  also 
performed  focused  on  hydrogen  production  from  water  photo- 
catalytically  45],  which  can  serve  as  an  alternate  solar  energy 
source.  To  understand  the  effects  on  the  catalyst  structure  inves¬ 
tigation,  the  preparative  method  is  very  important.  Among  many 
other  preparatory  processes,  Spray  Deposition  is  one  of  the  inter¬ 
esting  and  attractive  methods  for  the  preparation  of  semiconductor 
nanocrystals.  Low  cost  manufacturing,  simple  manipulation,  and 
applicable  large  scale  synthesis  present  spray  pyrolysis  techniques 
of  profound  interest  [46], 

Many  examples  of  chemical  spray  pyrolysis  techniques  have 
been  used  to  prepare  semiconductor  nanocrystals  with  photoelec- 
tronic  properties.  Helal  et  al.  designed  a  novel  spray  pyrolysis 
method  to  fabricate  nanometer  thick  Ti02  films  on  glass  sub¬ 
strates  [47].  The  increase  of  deposition  temperature  (500-600°C) 
results  improve  of  transmission  of  Ti02  films  due  to  the  increase 
of  film  crystallinity  (Fig.  2)  Photocatalytic  transformation  of  traces 
of  methanol  conversion  to  formaldehyde  in  water  was  observed. 
The  photocatalytic  activity  increases  with  the  increase  of  deposi¬ 
tion  temperature  and  time  due  to  formation  of  more  condensed 
materials  and  increase  of  porosity. 

Research  is  underway  [48]  to  degrade  dye  pollutants,  dis¬ 
charged  from  petrochemical,  textile,  and  other  industries.  It  has 
been  demonstrated  that  porous  immobilized  materials  can  serve  as 
good  photocatalysts  for  dye  degradation,  which  can  be  separated 
easily  after  use.  FSP  techniques  were  used  to  synthesized  Ti02  and 
ZnO  films  [49],  Different  phases  of  Ti02  (rutile,  anatase  and  mix 
phase)  were  obtained  depending  on  the  substrate  temperature  and 
deposition  time.  Excellent  photocatalytic  degradation  of  dyes  were 
obtained  using  these  catalysts,  with  the  aid  of  UV  radiation  (used 
to  excite  the  wide  band  gap  in  Ti02 )  [50]  This  has  the  consequence 
of  resulting  in  poor  energy  efficiency.  Therefore,  it  was  necessary 


to  modify  the  Ti02  to  extend  the  spectral  response  in  the  visible 
region  [40a]. 

Tian  et  al.  doped  vanadium  in  Ti02  using  simple  one-step  FSP, 
which  enhances  the  catalytic  activity  for  the  degradation  of  methy¬ 
lene  blue  and  2,4-dichlorophenol  under  visible  light  as  compared 
to  the  undoped  Ti02  [51].  Apart  from  incorporation  of  transition 
metal  ions,  Nitrogen  and  Fluorine  ions  have  also  been  doped  inside 
the  Ti02  structure  to  achieve  visible-light  driven  photocatalysis 
[52,53],  Spray  pyrolysis  techniques  were  used  to  co-dope  N  and 
F  atoms  in  Ti02  crystals  with  a  porous  and  acidic  surface;  as  a 
consequence  highly  reactive  visible  light  driven  photocatalysis  was 
achieved.  The  concentration  of  dopants  can  be  controlled  by  adjust¬ 
ing  the  temperature  of  spray  pyrolysis.  Additionally  to  Ti02,  zinc 
oxide  (ZnO),  which  serves  as  an  alternate  to  Ti02,  due  to  a  closer 
energy  band  gap  value  to  Ti02,  can  also  synthesized.  Highly  porous 
ZnO  films  were  prepared  by  Quintana  et  al.  by  spray  pyrolysis  meth¬ 
ods  (Fig.  3)  [54]  and  its  photocatalytic  activity  was  investigated  by 
degradation  of  methyl  orange  with  the  intermediate  reaction  prod¬ 
uct  hydrazine.  The  photocatalytic  performance  increased  with  films 
having  high  surface  area,  deposited  at  high  pH. 

Doping  can  be  induced  in  ZnO  by  spray  pyrolysis  to  improve 
the  photocatalytic  activity.  The  dopant  concentration  and  surface 
morphology  can  be  controlled  by  varying  the  substrate  tempera¬ 
ture  and  solution  flow  rate  of  spray  pyrolysis.  Nitrogen-containing 
ZnO  was  synthesized  using  spray  pyrolysis,  which  showed  superior 
photocatalytic  activity  in  decomposition  of  acetaldehyde  than  pure 
ZnO  under  visible  light  radiation  [55],  One  step  flame  spray  pyrol¬ 
ysis  was  used  to  synthesize  Au-ZnO  and  Pt-ZnO  nanocomposites 
with  average  crystalline  sizes  between  3  and  5  nm  [56],  The  Au-ZnO 
exhibited  superior  photocatalytic  performances  than  undoped  ZnO 
and  Ti02  in  methylene  blue  degradation.  Retardation  of  recombi¬ 
nation  of  photo  induced  electron-hole  pairs  by  shifts  in  the  Fermi 
level  of  Au-ZnO  is  the  reason  behind  the  enhanced  photocatalytic 
activity.  Al  doped  ZnO  with  tunable  particle  sizes  and  surfaces 
were  synthesized  by  spray  pyrolysis  [57],  The  Al-doped  ZnO  per¬ 
formed  better  than  the  nondoped  ZnO  in  degradation  of  methylene 
blue. 


3.2.  Photocatalysis:  hydrolysis  via  photo  and  electrochemical 
means 

Another  photocatalytic  reaction  in  which  SP  techniques  have 
been  applied  involves  hydrolysis  for  productions  of  H2  and  02  from 
water,  which  can  serve  as  a  clean  and  renewable  energy  source 
[58].  Two  important  material  properties  related  to  the  photocat¬ 
alyst  includes  the  surface  area  and  crystallinity  of  the  material. 
The  ability  to  tune  these  properties  was  demonstrated  by  changing 
the  operation  conditions  like  temperature,  precursor  concentra¬ 
tion,  and  proper  selection  of  organic  solvent.  Flame  spray  pyrolysis 
was  used  to  synthesize  a  series  of  titania  and  gold  modified  tita¬ 
nia,  where  the  choice  of  xylene  solvent  made  the  titania  material 
more  active  than  other  materials  in  photocatalytic  production 
of  H2  by  water  photo-splitting  and  methanol  reforming  [59],  Li 
et  al.  deposited  thin  films  of  zinc-indium  sulfide  (Znln2S4)  on  ITO 
coated  glass  substrates  for  applications  in  electrolysis  of  water  elec- 
trochemically  or  through  photo-electrochemical  methods  [59],  A 
one  step,  continuous,  template  free  production  of  nanostructured 
bismuth  vanadate  (BiV04)  was  produced  using  ultrasonic  spray 
pyrolysis,  which  shows  significantly  superior  photocatalytic  activ¬ 
ity  compared  to  commercial  BiV04  in  photocatalytic  02  production 
from  AgNC>3  solution  [60].  The  particles  range  from  thin  hollow 
and  porous  shells  to  solid  spherical  moieties.  Differences  in  parti¬ 
cle  morphology  by  the  decomposition  of  the  gases  inside  the  shell 
by  SP  methods  are  the  reasons  for  the  enhancement. 
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Fig.  3.  SEM  image  of  ZnO  from  Ref.  [39]  on  SnO  substrate  under  different  annealing  temperatures. 

Used  with  permission  from  Ref.  [54], 


3.3.  Photovoltaics  and  dye  sensitized  solar  cells 

In  the  field  of  alternative  and  clean  energy,  the  dye  sensitized 
solar  cell  (DSSC)  is  an  active  area  because  of  its  low  cost  and  simple 
manufacturing  [61  ].  Spray  pyrolysis  deposition  (SPD)  is  a  promising 
preparation  process  to  prepare  large  scale  films  for  this  application. 
Okuya  et  al.  fabricated  Ti02  films  as  working  electrodes  for  DSSC’s 
by  combination  of  SPD  and  conventional  electrode  production  pro¬ 
cesses  [62],  The  conversion  efficiency  was  as  high  as  3.2%  due  to 
modification  of  Ti02  surfaces  by  optimizing  the  aluminum  dopant 
in  the  synthesis.  The  SPD  method  was  utilized  by  T.  Kawashima 
et  al.  to  produce  a  new  transparent  conductive  film  (FTO/1TO  film), 
where  F-doped  tin  oxide  (FTO)  was  deposited  on  indium-tin  oxide 
(1TO)  [63],  The  films  remained  conductive  even  at  high  temperature 
(up  to  600  °C)  and  gave  high  energy  conversion  efficiency  (3.7%). 

3.4.  Ceramics 

Various  spray  pyrolysis  techniques  have  been  used  for  pro¬ 
duction  of  ceramic  powders  directly  from  solutions.  Physical 
and  chemical  flexibilities  of  the  SP  processes  lead  to  synthesis 
of  ceramic  materials  having  a  wide  range  of  size,  composition, 
and  morphology.  Controlled  atomization,  coagulation,  evapora¬ 
tion,  thermolysis,  and  sintering  processes  are  required  to  obtain 
controlled  characteristics  in  ceramic  powders  [19],  Precursors, 
atomization,  evaporation  period,  droplet  coagulation,  thermolysis, 
and  sintering  during  spray  pyrolysis  are  key  factors  for  ceramic 
powder  production. 

Acharya  [64]  described  the  use  of  spray  coating  method  for 
the  synthesis  of  nanoporous  carbon  membrane  that  had  remark¬ 
able  size  selectivity  of  oxygen  over  nitrogen.  The  synthetic  method 
incorporated  a  solution  of  50:50  polyfurfuryl  alcohol  in  acetone 
as  the  carbon  precursor,  which  was  sprayed  onto  stainless  steel 
disk  supports.  Reproducibility  and  simplicity  -  these  two  impor¬ 
tant  aspects  of  the  spray  coating  method  were  proved  to  be  useful 
for  the  desired  synthesis. 

Combustion  spray  pyrolysis  is  another  method  for  preparation 
of  new  materials  used  in  ceramic  thermal  barrier  coatings  (TBC). 
Yttria  stabilized  zirconia  (YSZ)  and  yttrium  aluminum  garnet  (YAG) 
have  been  considered  as  the  best  TBC  materials  for  their  high  ther¬ 
mal  stability  and  low  thermal  conductivity.  Saravan  et  al.  described 
the  use  of  combustion  spray  pyrolysis  (or  flame  SP)  for  the  synthesis 


of  Y3A150i2  and  Zr02-8  mol%  Y203  films  [65  .An  aqueous  solution 
of  nitrate  salts  of  aluminum,  zirconium  and  yttrium  was  used  to 
synthesize  thin  films  of  Al203-37.5  mol%  Y203  (Y3A15012,  which 
crystallizes  as  yttrium  aluminum  garnet)  and  Zr02-8mol%  Y203. 
They  were  successfully  deposited  on  many  substrates  including 
deposition  by  chemical  and  ultrasonic  methods  on  cleaned  amor¬ 
phous  silica,  stainless  steel,  and  FeCrAlY  bond  coat. 

3.5.  Fuel  cell  materials  and  batteries 

Flame  spray  pyrolysis  has  been  demonstrated  in  applications 
such  as  electrodes  and  electrolyte  fabrication  [66]  for  fuel  cells 
[67  .  Nano-sized  crystalline  perovskites  Lao.6Sr0.4  Coo.2Feo.s03_(j 
was  prepared  as  cathode  material  for  intermediate-temperature 
SOFCs  (about  600  °C)  at  notably  high  rates  (400  g  h_1 ),  without  sac¬ 
rificing  surface  area.  The  material  shows  a  pronounced  increase 
of  conductivity  at  favored  lower  temperatures,  mainly  attributed 
to  its  mixed  nature  at  the  atomic  scale  [67],  Realizing  appreciable 
advantages,  these  applications  still  suffer  the  adverse  effects  due 
to  the  gap  of  thermal  expansion  coefficients  between  the  cathodes 
and  electrolytes,  which  remains  a  challenge. 

In  situ  spray  pyrolysis  techniques  can  be  used  as  inexpensive, 
cost  effective,  and  commercially  viable  methods  for  the  synthesis  of 
battery  materials  like  carbon  coated  Si-nanocomposites  [68],  Car¬ 
bon  coated  Si  nanocomposites  are  used  as  highly  efficient  anode 
materials  for  Li-ion  batteries.  In  this  work  the  researchers  pre¬ 
pared  a  mixture  of  nano  sized  Si-particles  (<100  nm)  with  citric 
acid/ethanol  solutions  by  ultrasonication.  The  mixture  was  then 
spray  pyrolyzed  in  air  using  a  flow  rate  of  4mL/min.  at  different 
processing  temperatures  (300-500  °C)  resulting  in  carbon  coated 
spheroidal  Si-nano  particles. 

Silica  encapsulated  ferromagnetic  cobalt  oxide  (CoO)  nanopar¬ 
ticles  were  synthesized  by  ultrasonic  spray  pyrolysis  methods 
[69  .  An  aqueous  mixture  of  silica  colloid,  styrene,  ethylene  glycol 
dimethacrylate,  AIBN,  1,4-dioxane  and  0.01  M  SDS  was  nebulized 
by  using  an  ultrasonic  humidifier  and  inert  gas  (N2  or  Ar,  flow  rate, 
1  SLPM)  and  two  furnaces  at  200  °C  and  700  °C  (Fig.  4).  The  black 
magnetic  colloidal  particles  were  isolated  by  centrifugation. 

Nano-scale  sized  FSP  made  metal  oxides,  e.g.  V205  (30-60  nm) 
offered  exceptional  specific  charge  capacities  at  higher  discharge 
rates,  comparing  to  microparticle  counterparts.  By  optimizing  the 
spray  flow  rate  and  electrochemical  cycling  window  of  the  active 
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Fig.  4.  Formation  of  porous  cobalt  nanoparticles  encapsulated  in  an  oxidation¬ 
preventing  polymer. 

Used  with  permission  from  Ref.  [69], 


materials,  the  spray-synthesized  oxides  exhibited  much  higher 
rate  capabilities  than  microstructured  vanadium  oxide,  which  the 
authors  attribute  to  shorter  Li+  diffusion  path  length  as  a  result 
of  flame  spray  synthesis  [70],  Iron  phosphate  on  carbon  (FePC^/C) 
was  also  developed  as  cathode  materials  for  lithium  ion  batter¬ 
ies  showing  promising  charge  capacities  [71],  due  to  its  nano  size 
(70  nm)  produced  by  FSP.  This  method  also  features  a  two-step  syn¬ 
thesis  by  combining  FePC>4  made  by  a  first  FSP  step  followed  by 
another  solid  state  synthesis  of  incorporating  a  lithium  and  a  car¬ 
bon  source.  Therefore,  versatile  applications  of  FSP  are  integral  or 
parts  of  synthetic  design. 

3.6.  Biomedical  applications:  supplements 

Flame-spray  pyrolysis  synthetic  strategies  can  be  utilized  for 
synthesizing  supplements  and  supports  for  enhanced  biocompati¬ 
bility.  Iron  phosphates  containing  mainly  amorphous  nanoparticles 
[72]  (10-20  nm)  are  suitable  for  achieving  good  solubility  in  dilute 
acid,  and  more  importantly  can  be  done  at  large  scales.  FSP- 
synthesized  Fe2C>3  coated  in  situ  with  silica  was  produced  via 
addition  of  hexamethyldisiloxane  in  the  nitrogen  carrier  stream. 
Suitable  for  medical  applications,  the  magnetization  is  retained 
while  coated  in  silica  films  [73].  Recently,  silica  coated  Y2C>3:Tb3+ 
nanoparticles  were  made  by  FSP  and  can  be  used  as  nanophos¬ 
phors  in  bioimaging  applications  [74].  Nevertheless,  based  on  the 
wide  application  of  FSP  synthesized  nanomaterials,  health  and  han¬ 
dling  effects  were  also  investigated  [75],  revealing  that  FSP-silica 
coatings  are  safe  when  used  in  industrial  production. 


process  [77],  the  list  of  applications  of  these  newly  created  materi¬ 
als  continues  to  grow  [26a, b]. 

Recent  work  on  FSS  covers  most  previously  mentioned  applica¬ 
tions  and  has  expanded  the  synthesis  of  new  materials  and  their 
applications  in  numerous  fields.  A  ceria-supported  copper  system 
reported  by  Kydd  et  al.  is  active  in  CO  preferential  oxidation  due  to 
the  ideal  dispersion  of  active  components  by  using  FSP.  This  repre¬ 
sents  advanced  control  of  the  active  sites  realized  in  mixed  metal 
oxides  systems  [78  .  A  modified  synthesis  forms  Cu/CexZr1_x02, 
which  affords  good  activity  in  NO  reduction  by  CO  under  low  tem¬ 
perature  (<350 °C)  [79],  Mo03/Si02-Al203  were  also  made  by  FSS 
in  catalyzing  the  metathesis  of  light  olefins.  This  material  shows 
enhanced  activity  accounting  for  the  highly  dispersed  monometic 
molybdate  over  the  surface  of  the  support,  a  quality  afforded  exclu¬ 
sively  by  FSS  methods  over  other  synthetic  strategies  [80].  The 
obvious  advantage  of  these  materials  lies  in  their  highly  efficient 
synthesis  as  compared  with  other  methods  such  as  hydrothermal 
[81  and  reflux  [82]  techniques  for  synthesizing  active  compo¬ 
nents/support  materials.  The  wide  range  of  noble  metal  supported 
material  made  by  FSS  finds  applications  in  hydrogenation,  NO* 
reduction,  oxidation  catalysts,  and  sensors  [26c[. 

For  example,  noble  metals  supported  on  Si02-Al203  were  pre¬ 
pared  by  FSP;  tuning  of  the  acidity  was  simply  facilitated  by 
regulating  the  amount  of  SiC>2,  which  contributed  to  the  boosted 
catalytic  activity  in  hydrogenation  reactions  [83 J.  The  gas  sens¬ 
ing  applications  of  these  noble  metal  supported  metal  oxides 
expanded  quickly,  which  covers  the  detection  of  acetylene,  hydro¬ 
gen,  nitrogen  oxide,  carbon  dioxide,  hydrogen  sulfide  and  other 
environmentally  hazardous  gases  [84].  FSP  plays  an  essential  role 
as  a  facile  single-step  synthesis  in  combining  semiconducting  metal 
oxides  (e.g.  WO3,  ZnO,  In203,  Sn02  and  Ti02)  with  many  dopants 
1 84b  ]. 


4.1.  Double  flame  spray  pyrolysis 

In  terms  of  recent  progress  on  reaction  processes,  a  two- 
nozzle  flame  synthesis  largely  improves  the  NO*  storage  activity, 
attributed  to  the  A1203  and  BaC03  nano  particles  produced  inde¬ 
pendently  plus  more  control  of  the  flaming  system  [85],  This 
double-flame  system  recently  showed  activity  in  Fischer-Tropsch 
reactions  on  an  FSP  made  C0/AI2O3  unmatched  with  its  counter¬ 
part  made  by  a  single  flame  pyrolysis  [86],  The  double  flame  offered 
merits  like  flexibility,  adjustable  composition  and  particle  size  by 
simply  controlling  the  distance  of  two  flames,  and  as  such,  research 
on  this  technique  could  lead  to  a  new  era  of  FSP  [85,86], 


5.  Conclusions 

It  is  shown  that  spray  pyrolytic  methods  are  versatile  and 
applicable  synthetic  techniques  for  creating  novel  and  impressive 
materials.  With  a  wide  range  of  applications  in  technology  and 
industry,  spray  methods  afford  an  experimenter  synthetic  control 
which  allows  for  the  creation  of  novel  catalysis,  films,  active  mate¬ 
rials  and  supports.  The  process  is  easily  scalable,  repeatable,  and 
allows  many  avenues  for  continued  investigation  from  both  aca¬ 
demic  and  industrial  interests. 


4.  Recent  directions 

As  a  major  successful  application  of  flame  spray  pyrolysis 
in  manufacturing  TiC>2  commercially  at  a  large  scale  [76],  this 
technique  has  been  exploited  extensively  in  synthesizing  metal 
oxides,  mixed  metal  oxides,  perovskites,  metals  and  metal  salts. 
With  unique  properties  shown  in  contrast  to  conventional  sol-gel 


Acknowledgements 

We  acknowledge  the  support  of  the  U.S.  Department  of  Energy, 
Office  of  Basic  Energy  Sciences,  Division  of  Chemical,  Biological, 
and  Geological  Sciences  for  this  work  under  grant  DE-FG02- 
86ER1 3622.A000. 


C.  Guild  et  al.  /  Catalysis  Today  238  (2014)  87-94 


93 


References 

[1]  L.  Bayvel,  Z.  Orzechowski,  Liquid  Atomization,  Taylor  &  Francis,  Washington 
DC,  1993. 

[2]  0.  Wilhelm,  S.E.  Pratsinis,  D.  Perednis,  L.J.  Gauckler,  Electrospray  and  pressur¬ 
ized  spray  deposition  of  yttria-stabilized  zirconia  films,  Thin  Solid  Films  479 
(2005) 121-129. 

[3]  H.A.  Hamedani,  K.  Dahmen,  D.  Li,  H.  Peydaye-Sahelia,  H.  Garmestania,  M. 
Khaleelb,  Fabrication  of  gradient  porous  LSM  cathode  by  optimizing  deposi¬ 
tion  parameters  in  ultrasonic  spray  pyrolysis,  Mater.  Sci.  Eng.  B  153  (2008) 
1-9. 

[4]  J.  Kim,  Y.  Park,  D.J.  Sung,  S.  Moon,  K.B.  Lee,  S.  Hong,  Preparation  of  thin  film 
YSZ  electrolyte  by  using  electrostatic  spray  deposition,  Int.  J.  Refract.  Met.  Hard 
Mater.  27  (2009)  985-990. 

[5]  M.  Cloupeau,  B.  Prunet-Foch,  Electrostatic  spraying  of  liquids:  main  functioning 
modes,  J.  Electrostat.  25  (1990)  165-184. 

[6]  W.  Siefert,  Corona  spray  pyrolysis:  a  new  coating  technique  with  an  extremely 
enhanced  deposition  efficiency,  Thin  Solid  Films  120  (1984)  267-274. 

[7]  M.  Miki-Yoshida,  E.  Andrade,  Growth  and  structure  of  tin  dioxide  thin  films 
obtained  by  an  improved  spray  pyrohydrolysis  technique,  Thin  Solid  Films  224 
(1993)87-96. 

[8]  T.H.  Sajeesh,  A.R.  Warrier,  C.S.  Kartha,  K.P.  Vijayakumar,  Optimization  of  param¬ 
eters  of  chemical  spray  pyrolysis  technique  to  get  n  and  p-type  layers  of  SnS, 
Thin  Solid  Films  518  (2010)  4370-4374. 

[9]  (a)  M.  Eslamian,  N.  Ashgriz,  Effect  of  atomization  method  on  the  morphology 
of  spray-generated  particles,  J.  Eng.  Mater.  Technol.  129  (2007)  130-142; 

(b)  L.  Filipovic,  Topography  Simulation  of  Novel  Processing  Techniques  (Ph.D. 
thesis),  Technical  University  of  Vienna,  Austria,  2012. 

[10]  W.  Siefert,  Properties  of  thin  In203  and  Sn02  films  prepared  by  corona  spray 
pyrolysis,  and  a  discussion  of  the  spray  pyrolysis  process,  Thin  Solid  Films  121 
(1984)275-282. 

[11]  L.  Filipovic,  S.  Selberherr,  G.C.  Mutinati,  E.  Brunet,  S.  Steinhauer,  A.  Kock,  J. 
Teva,  J.  Kraft,  J.  Siegert,  F.  Schrank,  Modeling  Spray  Pyrolysis  Deposition,  World 
Congress  on  Engineering,  London,  UK,  2013. 

[12]  C.H.  Chen,  E.M.  Kelder,  P.J.J.M.  Van  der  Put,  Morphology  control  of  thin  LiCo02 
films  fabricated  using  the  electrostatic  spray  deposition  (ESD)  technique,  J. 
Mater.  Chem.  6  (1996)  765-771. 

[13]  C.M.  Lampkin,  Aerodynamics  of  nozzles  used  in  spray  pyrolysis,  Prog.  Cryst. 
Growth  Charact.  1  (1979)  406-416. 

[14]  J.  Shimizu,  E.  Ohmura,  Y.  Kobayashi,  S.  Kiyoshima,  H.  Eda,  Molecular  dynam¬ 
ics  simulation  of  flattening  process  of  a  high  temperature,  high  speed 
droplet-influence  of  impact  parameters,  J.  Therm.  Spray  Technol.  16  (2007) 
722-728. 

[15]  J.C.  Viguie,  J.  Spitz,  Chemical  vapor  deposition  at  low  temperatures,  J.  Elec- 
trochem.  Soc.  122  (1975)  585-588. 

[16]  F.D.  Duminica,  F.  Maury,  S.  Abisset,  Pyrosol  deposition  of  anatase  Ti02  thin  films 
starting  from  Ti(0'Pr)4/acetylacetone  solutions,  Thin  Solid  Films  515  (2007) 
7732-7739. 

[17]  D.  Perednis,  O.  Wilhelm,  S.E.  Pratinis,  L.J.  Gauckler,  Morphology  and  deposition 
of  thin  yttria-stabilized  zirconia  films  using  spray  pyrolysis,  Thin  Solid  Films 
474(2005)84-95. 

[18]  A.S.C.C.  Nakaruk,  Conceptual  model  for  spray  pyrolysis  mechanism:  fabrica¬ 
tion  and  annealing  of  titania  thin  films,  J.  Coat.  Technol.  Res.  7  (5)  (2010) 
665-676. 

[19]  G.L.  Messing,  S.C.  Zhang,  G.V.  Jayanthi,  Ceramic  powder  synthesis  by  spray 
pyrolysis,  J.  Am.  Ceram.  Soc.  76  (1993)  2707-2726. 

[20]  G.  Adamopoulos,  A.  Bashir,  P.H.  Wobkenberg,  D.D.C.  Bradley,  T.D.  Anthopou- 
los,  Electronic  properties  of  ZnO  field-effect  transistors  fabricated  by  spray 
pyrolysis  in  ambient  air,  Appl.  Phys.  Lett.  95  (2009)  133507.1-133507.3. 

[21  ]  (a)  R.  Kamalakaran,  M.  Terrones,  T.  Seeger,  P.  Kohler-Redlich,  M.  Ruhle,  Synthe¬ 
sis  of  thick  and  crystalline  nanotube  arrays  by  spray  pyrolysis,  Appl.  Phys.  Lett. 
77(2000)3385-3387; 

(b)  R.W.  Call,  Carbon  Nanotube  Growth  via  Spray  Pyrolysis,  Utah  State  Univer¬ 
sity,  Logan,  UT,  Spring,  2011. 

[22]  C.H.  Chen,  E.M.  Kelder,  M.J.G.  Jak,  J.  Schoonman,  Electrostatic  spray  deposition 
of  thin  layers  of  cathode  material  for  lithium  battery,  Solid  State  Ionics  86-88 
(1996) 1301-1306. 

[23]  M.  Justel,  A.  Schwinger,  B.  Friedrich,  M.  Binnewies,  Synthesis  of  LiFeP04  by 
ultrasonic  and  nozzle  spray  pyrolysis,  Z.  Phys.  Chem.  226  (2012)  177-183. 

[24]  K.  Okuyama,  I.W.  Lenggoro,  Preparation  of  nanoparticles  via  spray  route,  Chem. 
Eng.  Sci.  58  (2003)  537-547. 

[25]  (a)  L.  Madler,  Liquid-fed  aerosol  reactors  for  one-step  synthesis  of  nano- 
structured  particles,  Kona  22  (2004)  107-120; 

(b)  S.  Jain,  D.J.  Skamser,  T.T.  Kodas,  Morphology  of  single-component  particles 
produced  by  spray  pyrolysis,  Aerosol  Sci.  Technol.  27  (1997)  575-590; 

(c)  P.D.  Hede,  P.  Bach,  A.D.  Jensen,  Two-fluid  spray  atomisation  and  pneumatic 
nozzles  for  fluid  bed  coating/agglomeration  purposes:  a  review,  Chem.  Eng.  Sci. 
63  (2008)3821-3842; 

(d)  D.S.  Jung,  S.B.  Park,  Y.C.  Kan,  Design  of  particles  by  spray  pyrolysis  and  recent 
progress  in  its  application,  Korean  J.  Chem.  Eng.  27  (2010)  1621-1645. 

[26]  (a)  R.  Strobel,  A.  Baiker,  S.E.  Pratsinis,  Aerosol  flame  synthesis  of  catalysts,  Adv. 
Powder  Technol.  17  (5)  (2006)  457-480; 

(b)  R.  Strobel,  S.E.  Pratsinis,  Flame  aerosol  synthesis  of  smart  nanostructured 
materials,  J.  Mater.  Chem.  17  (45)  (2007)  4743-4756; 

(c)  R.  Strobel,  S.E.  Pratsinis,  Flame  synthesis  of  supported  platinum  group  metals 
for  catalysis  and  sensors.  Platinum  Met.  Rev.  53  (1)  (2009)  11-20. 


[27]  L.  Baque, J.  Vega-Castillo,  S.  Georges,  A.  Caneiro,  E.  Djurado,  Microstructural  and 
electrical  characterizations  of  tungsten-doped  La2Mo2Og  prepared  by  spray 
pyrolysis,  Ionics  19  (12)  (2013)  1761-1774. 

[28]  D.  Barreca,  C.  Massignan,  S.  Daolio,  M.  Fabrizio,  C.  Piccirillo,  L.  Armelao,  E.  Ton- 
dello,  Composition,  Microstructure  of  cobalt  oxide  thin  films  obtained  from  a 
novel  cobalt(II)  precursor  by  chemical  vapor  deposition,  Chem.  Mater.  13  (2) 
(2001)588-593. 

[29]  M.  Burriel,  G.  Garcia,  J.  Santiso,  A.  Abrutis,  Z.  Saltyte,  A.  Figueras,  Growth  kinetics, 
composition,  and  morphology  of  C03O4  thin  films  prepared  by  pulsed  liquid- 
injection  MOCVD,  Chem.  Vap.  Deposition  11  (2)  (2005)  106-1 11. 

[30]  P.  Haniam,  C.  Kunsombat,  S.  Chiangga,  A.  Songsasen,  Synthesis  of  cobalt  oxides 
thin  films  fractal  structures  by  laser  chemical  vapor  deposition,  Sci.  World  J. 
2014(2014)6. 

[31]  M.E.  Donders,  H.C.M.  Knoops,  M.C.M.  van  de  Sanden,  W.M.M.  Kessels,  P.H.L. 
Notten,  Remote  plasma  atomic  layer  deposition  of  Co304  thin  films,  J.  Elec- 
trochem.  Soc.  158  (4)  (2011)  G92-G96. 

[32]  V.R.  Shinde,  S.B.  Mahadik,  T.P.  Gujar,  C.D.  Lokhande,  Supercapacitive  cobalt 
oxide  (C03O4)  thin  films  by  spray  pyrolysis,  Appl.  Surf.  Sci.  252  (20)  (2006) 
7487-7492. 

[33]  P.J.  Vikas  Patil,  M.  Chougule,  S.  Sen,  Synthesis  and  characterization  of  C03O4 
thin  film,  Soft  Nanosci.  Lett.  2  (1)  (2012)  1-7. 

[34]  M.  Purica,  E.  Budianu,  E.  Rusu,  M.  Danila,  R.  Gavrila,  Optical  and  structural  inves¬ 
tigation  of  ZnO  thin  films  prepared  by  chemical  vapor  deposition  (CVD),  Thin 
Solid  Films  403-404  (2002)  485-488. 

[35]  J.  Lim,  C.  Lee,  Effects  of  substrate  temperature  on  the  microstructure  and  photo¬ 
luminescence  properties  of  ZnO  thin  films  prepared  by  atomic  layer  deposition, 
Thin  Solid  Films  515  (7-8)  (2007)  3335-3338. 

[36]  H.L.  Ma,  Z.W.  Liu,  D.C.  Zeng,  M.L.  Zhong,  H.Y.  Yu,  E.  Mikmekova,  Nanostructured 
ZnO  films  with  various  morphologies  prepared  by  ultrasonic  spray  pyrolysis 
and  its  growing  process,  Appl.  Surf.  Sci.  283  (2013)  1006-1011. 

[37]  M.  Dutta,  S.  Mridha,  D.  Basak,  Effect  of  sol  concentration  on  the  properties  of 
ZnO  thin  films  prepared  by  sol-gel  technique,  Appl.  Surf.  Sci.  254  (9)  (2008) 
2743-2747. 

[38]  M.  Ohyama,  H.  Kouzuka,  T.  Yoko,  Sol-gel  preparation  of  ZnO  films  with 
extremely  preferred  orientation  along  (002)  plane  from  zinc  acetate  solution, 
Thin  Solid  Films  306  (1)  (1997)  78-85. 

[39]  L.M.  Bertus,  A.  Enesca,  A.  Duta,  Influence  of  spray  pyrolysis  deposition  param¬ 
eters  on  the  optoelectronic  properties  of  WO3  thin  films,  Thin  Solid  Films  520 
(13) (2012) 4282-4290. 

[40]  (a)  Environmental  applications  of  semiconductor  photocatalysis,  Chem.  Rev. 
95(1995)69-96; 

(b)  U.  Alver,  H.  Yaykasli,  S.  Kerb,  A.  Tanriverdi,  Synthesis  and  characterization  of 
boron-doped  NiO  thin  films  produced  by  spray  pyrolysis,  Int.  J.  Miner.  Metall. 
Mater.  20  (2013)  1097-1101. 

[41  ]  A.J.L.G.  Cooper,  Z.  James,  A.  Meister,  Synthesis  and  properties  of  the  alpha-keto 
acids,  Chem.  Rev.  83  (1995)  341-357. 

[42]  U.I.  Gaya,  A.H.  Abdullah,  Heterogeneous  photocatalytic  degradation  of  organic 
contaminants  over  titanium  dioxide:  a  review  of  fundamentals,  progress  and 
problems,  J.  Photochem.  Photobiol.  C  9  (2008)  1-12. 

[43]  A.  Fujishima,  K.  Honda,  Electrochemical  photolysis  of  water  at  a  semiconductor 
electrode,  Nature  (London)  238  (1972)  37-38. 

[44]  S.G.  Kumar,  L.G.  Devi,  Review  on  modified  Ti02  photocatalysis  under  UV/visible 
light:  selected  results  and  related  mechanisms  on  interfacial  charge  carrier 
transfer  dynamics,  J.  Phys.  Chem.  A  115  (2011)  13211-13241. 

[45]  (a)  ICE.  Karakitsou,  X.E.  Verykios,  Effects  of  altervalent  cation  doping  of  titania 
on  its  performance  as  a  photocatalyst  for  water  cleavage,  J.  Phys.  Chem.  97 
(1993) 1184-1189; 

(b)  A.  Wold,  Photocatalytic  properties  of  titanium  dioxide  (Ti02),  Chem.  Mater. 
5(1993)280-283. 

[46]  J.B.  Mooney,  Spray  pyrolysis  processing,  Annu.  Rev.  Mater.  Sci.  12  (1982) 
81-101. 

[47]  M.O.  Abou-Helal,  W.T.  Seeber,  Preparation  of  Ti02  thin  films  by  spray  pyrolysis 
to  be  used  as  a  photocatalyst,  Appl.  Surf.  Sci.  195  (2002)  53-62. 

[48]  (a)  R.  Edla,  N.  Patel,  K.Z.  El,  R.  Fernandes,  N.  Bazzanella,  A.  Miotello,  Pulsed  laser 
deposition  of  C03O4  nanocatalysts  for  dye  degradation  and  CO  oxidation,  Appl. 
Surf.  Sci.  (2014)  (in  press); 

(b)  S.  Hosseini,  E.  Eftekhari,  S.M.  Soltani,  F.E.  Babadi,  L.J.  Minggu,  M.H.S.  Ismail, 
Synthesis,  characterization  and  performance  evaluation  of  three-layered  pho¬ 
toanodes  by  introducing  a  blend  of  WO3  and  Fe203  for  dye  degradation,  Appl. 
Surf.  Sci.  (2014)  (in  press); 

(c)  G.K.  Naik,  P.M.  Mishra,  K.  Parida,  Green  synthesis  of  Au/Ti02  for  effective  dye 
degradation  in  aqueous  system,  Chem.  Eng.  J.  (Amsterdam,  Neth.)  229  (2013) 
492-497; 

(d)  J.  Nesic,  D.D.  Manojlovic,  I.  Andjelkovic,  B.P.  Dojcinovic,  P.J.  Vulic,  J.  Krstic, 
G.M.  Roglic,  Preparation,  characterization  and  photocatalytic  activity  of  lan¬ 
thanum  and  vanadium  co-doped  mesoporous  Ti02  for  azo-dye  degradation,  J. 
Mol.  Catal.  A:  Chem.  378  (2013)  67-75. 

[49]  R.  Kavitha,  S.  Meghani,  V.  Jayaram,  Synthesis  of  titania  films  by  combustion 
flame  spray  pyrolysis  technique  and  its  characterization  for  photocatalysis, 
Mater.  Sci.  Eng.  B  139  (2007)  134-140. 

[50]  T.  Wu,  G.  Liu,  J.  Zhao,  H.  Hidaka,  N.  Serpone,  Evidence  for  H202  generation  dur¬ 
ing  the  Ti02-assisted  photodegradation  of  dyes  in  aqueous  dispersions  under 
visible  light  illumination,  J.  Phys.  Chem.  B  103  (1999)  4862-4867. 

[51]  B.  Tian,  C.  Li,  F.  Gu,  H.  Jiang,  Y.  Hu,  J.  Zhang,  Flame  sprayed  V-doped  Ti02 
nanoparticles  with  enhanced  photocatalytic  activity  under  visible  light  irra¬ 
diation,  Chem.  Eng.  J.  (Amsterdam,  Neth.)  151  (2009)  220-227. 


94 


C.  Guild  et  al  /  Catalysis  Today  238  (2014)  87-94 


[52]  H.  Li,  Hishita,  Ohashi,  Visible  light  driven  N-F-codoped  Ti02  photocatalysts. 
1 .  Synthesis  by  spray  pyrolysis  and  surface  characterization,  Chem.  Mater.  1 7 
(2005) 2588-2595. 

[53]  J.C.  Yu,  J.G.  Yu,  W.K.  Ho,  Z.T.  Jiang,  L.Z.  Zhang,  Effects  of  F-doping  on  the  photo- 
catalytic  activity  and  microstructures  of  nanocrystalline  Ti02  powders,  Chem. 
Mater.  14  (2002)  3808-3816. 

[54]  M.  Quintana,  E.  Ricra,  J.  Rodriguez,  W.  Estrada,  Spray  pyrolysis  deposited  zinc 
oxide  films  for  photo-electrocatalytic  degradation  of  methyl  orange:  influence 
of  the  pH,  Catal.  Today  76  (2002)  141-148. 

[55]  D.  Li,  H.  Haneda,  Synthesis  of  nitrogen-containing  ZnO  powders  by  spray 
pyrolysis  and  their  visible-light  photocatalysis  in  gas-phase  acetaldehyde 
decomposition,].  Photochem.  Photobiol.  A  155  (2003)  171-178. 

[56]  P.  Pawinrat,  O.  Mekasuwandumrong,  J.  Panpranot,  Synthesis  of  Au-ZnO  and  Pt- 
ZnO  nanocomposites  by  one-step  flame  spray  pyrolysis  and  its  application  for 
photocatalytic  degradation  of  dyes,  Catal.  Commun.  10  (2009)  1380-1385. 

[57]  K.-C.  Hsiao,  S.-C.  Liao,  Y.-J.  Chen,  Synthesis,  characterization  and  photocat¬ 
alytic  property  of  nanostructured  Al-doped  ZnO  powders  prepared  by  spray 
pyrolysis,  Mater.  Sci.  Eng.  A  A447  (2007)  71-76. 

[58]  A.J.  Bard,  Artificial  photosynthesis:  solar  splitting  of  water  to  hydrogen  and 
oxygen,  Acc.  Chem.  Res.  28  (1995)  141-145. 

[59]  G.L.  Chiarello,  E.  Selli,  L.  Forni,  Photocatalytic  hydrogen  production  over 
flame  spray  pyrolysis-synthesized  Ti02  and  Au/Ti02,  Appl.  Catal.  B  84  (2008) 
332-339. 

[60]  S.S.  Dunkle,  BiV04  as  a  visible-light  photocatalyst  prepared  by  ultrasonic  spray 
pyrolysis,  J.  Phys.  Chem.  Lett.  C  113  (2009)  1 1980-11983. 

[61]  B.  O’Regan,  M.  Graetzel,  A  low-cost,  high-efficiency  solar  cell  based  on 
dye-sensitized  colloidal  titanium  dioxide  films,  Nature  (London)  353  (1991) 
737-740. 

[62]  M.  Okuya,  K.  Nakade,  S.  Kaneko,  Porous  Ti02  thin  films  synthesized  by  a  spray 
pyrolysis  deposition  (SPD)  technique  and  their  application  to  dye-sensitized 
solar  cells,  Sol.  Energy  Mater.  Sol.  Cells  70  (2002)  425-435. 

[63]  T.  Kawashima,  T.  Ezure,  K.  Okada,  H.  Matsui,  K.  Goto,  N.  Tanabe,  FTO/ITO 
double-layered  transparent  conductive  oxide  for  dye-sensitized  solar  cells,  J. 
Photochem.  Photobiol.  A  164  (2004)  199-202. 

[64]  M.  Acharya,  H.C.  Foley,  Spray-coating  of  nanoporous  carbon  membranes  for  air 
separation,].  Membr.  Sci.  161  (1-2)  (1999)  1-5. 

[65]  S.  Saravanan,  S.G.  Hari,  V.  Jayaram,  M.  Paulraj,  S.  Asokan,  Synthesis  and  charac¬ 
terization  ofY3Al5012  and  ZrC>2-Y203  thermal  barrier  coatings  by  combustion 
spray  pyrolysis,  Surf.  Coat.  Technol.  202  (2008)  4653-4659. 

[66]  A.  Heel,  A.  Vital,  P.  Holtappels,  T.  Graule,  Flame  spray  synthesis  and  characterisa¬ 
tion  of  stabilised  Z1O2  and  CeC>2  electrolyte  nanopowders  for  SOFC  applications 
at  intermediate  temperatures,].  Electroceram.  22  (1-3)  (2007)  40-46. 

[67]  A.  Heel,  P.  Holtappels,  P.  Hug,  T.  Graule,  Flame  spray  synthesis  of  nanoscale 
Lao.6Sro.4Coo.2Feo.803_5  and  Bao.sSro.sCoo.sFeo^O^  as  cathode  materials  for 
intermediate  temperature  solid  oxide  fuel  cells.  Fuel  Cells  10  (3)  (2010) 
419-432. 

[68]  S.H.  Ng,  J.  Wang,  D.  Wexler,  S.Y.  Chew,  H.K.  Liu,  Amorphous  carbon-coated  sili¬ 
con  nanocomposites:  a  low-temperature  synthesis  via  spray  pyrolysis  and  their 
application  as  high-capacity  anodes  for  lithium-ion  batteries,  J.  Phys.  Chem.  C 
111  (2007)11131-11138. 

[69]  W.H.  Suh,  K.S.  Suslick,  Magnetic  and  porous  nanospheres  from  ultrasonic  spray 
pyrolysis,  J.  Am.  Chem.  Soc.  127  (2005)  12007-12010. 

[70]  S.-H.  Ng,  T.J.  Patey,  R.  Buchel,  F.  Krumeich,  J.-Z.  Wang,  H.-K.  Liu,  S.E.  Pratsi- 
nis,  P.  Novak,  Flame  spray-pyrolyzed  vanadium  oxide  nanoparticles  for  lithium 
battery  cathodes,  Phys.  Chem.  Chem.  Phys.  11  (19)  (2009)  3748-3755. 

[71  ]  N.A.  Hamid,  S.  Wennig,  S.  Hardt,  A.  Heinzel,  C.  Schulz,  H.  Wiggers,  High-capacity 
cathodes  for  lithium-ion  batteries  from  nanostructured  LiFeP04  synthesized  by 
highly-flexible  and  scalable  flame  spray  pyrolysis,  J.  Power  Sources  216  (2012) 
76-83. 

[72]  T.  Rudin,  S.E.  Pratsinis,  Homogeneous  iron  phosphate  nanoparticles  by  com¬ 
bustion  of  sprays,  Ind.  Eng.  Chem.  Res.  51  (23)  (2012)  7891-7900. 


[73]  A.  Teleki,  M.  Suter,  P.R.  Kidambi,  O.  Ergeneman,  F.  Krumeich,  B.J.  Nelson,  S.E. 
Pratsinis,  Hermetically  coated  superparamagnetic  Fe203  particles  with  Si02 
nanofilms,  Chem.  Mater.  21  (10)  (2009)  2094-2100. 

[74]  G.A.  Sotiriou,  D.  Franco,  D.  Poulikakos,  A.  Ferrari,  Optically  stable  biocompatible 
flame-made  Si02-coated  Y203  :Tb3+  nanophosphors  for  cell  imaging,  ACS  Nano 
6  (5) (2012) 3888-3897. 

[75]  S.  Gass, J.M.  Cohen,  G.  Pyrgiotakis,  G.A.  Sotiriou,  S.E.  Pratsinis,  P.  Demokritou,  A 
safer  formulation  concept  for  flame-generated  engineered  nanomaterials,  ACS 
Sustainable  Chem.  Eng.  1  (7)  (2013)  843-857. 

[76]  K.A.  Michalow,  D.  Logvinovich,  A.  Weidenkaff,  M.  Amberg,  G.  Fortunato,  A. 
Heel,  T.  Graule,  M.  Rekas,  Synthesis,  characterization  and  electronic  structure 
of  nitrogen-doped  Ti02  nanopowder,  Catal.  Today  144  (1-2)  (2009)  7-12. 

[77]  (a)  A.  Trenczek-Zajac,  M.  Radecka,  M.  Jasinski,  K.A.  Michalow,  M.  Rekas,  E. 
Kusior,  K.  Zakrzewska,  A.  Heel,  T.  Graule,  K.  Kowalski,  Influence  of  Cr  on  struc¬ 
tural  and  optical  properties  of  Ti02:Cr  nanopowders  prepared  by  flame  spray 
synthesis,].  Power  Sources  194  (1)  (2009)  104-111; 

(b)  B.  Schimmoeller,  H.  Schulz,  A.  Ritter,  A.  Reitzmann,  B.  Kraushaarczarnetzki, 
A.  Baiker,  S.  Pratsinis,  Structure  of  flame-made  vanadia/titania  and  catalytic 
behavior  in  the  partial  oxidation  of  o-xylene,  J.  Catal.  256  (1)  (2008)  74-83. 

[78]  R.  Kydd,  W.Y.  Teoh,  K.  Wong,  Y.  Wang,  J.  Scott,  Q.-H.  Zeng,  A.-B.  Yu,  J.  Zou, 

R.  Amal,  Flame-synthesized  ceria-supported  copper  dimers  for  preferential 
oxidation  of  CO,  Adv.  Funct.  Mater.  19  (3)  (2009)  369-377. 

[79]  R.  Zhang,  W.Y.  Teoh,  R.  Amal,  B.  Chen,  S.  Kaliaguine,  Catalytic  reduction  of  NO 
by  CO  over  Cu/CexZri_x02  prepared  by  flame  synthesis,  J.  Catal.  272  (2)  (2010) 
210-219. 

[80]  D.P.  Debecker,  B.  Schimmoeller,  M.  Stoyanova,  C.  Poleunis,  P.  Bertrand,  U.  Rode- 
merck,  E.M.  Gaigneaux,  Flame-made  Mo03/Si02-Al203  metathesis  catalysts 
with  highly  dispersed  and  highly  active  molybdate  species,  J.  Catal.  277  (2) 
(2011)154-163. 

[81]  Y.  Meng,  H.C.  Genuino,  C.-H.  Kuo,  H.  Huang,  S.-Y.  Chen,  L.  Zhang,  A.  Rossi, 

S. L.  Suib,  One-step  hydrothermal  synthesis  of  manganese-containing  MFI-type 
zeolite,  Mn-ZSM-5,  characterization,  and  catalytic  oxidation  of  hydrocarbons, 
J.  Am.  Chem.  Soc.  135  (23)  (2013)  8594-8605. 

[82]  (a)  H.C.  Genuino,  Y.  Meng,  D.T.  Horvath,  C.H.  Kuo,  M.S.  Seraji,  A.M.  Morey,  R.L. 
Joesten,  S.L.  Suib,  Enhancement  of  catalytic  activities  of  octahedral  molecular 
sieve  manganese  oxide  for  total  and  preferential  CO  oxidation  through  vana¬ 
dium  ion  framework  substitution,  ChemCatChem  8  (2013)  2306-2317; 

(b)  M.  Ozacar,  A.S.  Poyraz,  H.C.  Genuino,  C.-H.  Kuo,  Y.  Meng,  S.L.  Suib,  Influence 
of  silver  on  the  catalytic  properties  of  the  cryptomelane  and  Ag-hollandite  types 
manganese  oxides  OMS-2  in  the  low-temperature  CO  oxidation,  Appl.  Catal.  A: 
Gen.  462-463  (2013)  64-74. 

[83]  B.  Schimmoeller,  F.  Hoxha,  T.  Mallat,  F.  Krumeich,  S.E.  Pratsinis,  A.  Baiker,  Fine 
tuning  the  surface  acid/base  properties  of  single  step  flame-made  Pt/alumina, 
Appl.  Catal.  A:  Gen.  374  (1-2)  (2010)  48-57. 

[84]  (a)  V.  Kruefu,  C.  Liewhiran,  A.  Wisitsoraat,  S.  Phanichphant,  Selectivity  of  flame- 
spray-made  Nb/ZnO  thick  films  towards  NO2  gas,  Sens.  Actuators  B:  Chem.  156 
(1) (2011) 360-367; 

(b)  K.  Wetchakun,  T.  Samerjai,  N.  Tamaekong,  C.  Liewhiran,  C.  Siriwong,  V. 
Kruefu,  A.  Wisitsoraat,  A.  Tuantranont,  S.  Phanichphant,  Semiconducting  metal 
oxides  as  sensors  for  environmentally  hazardous  gases,  Sens.  Actuators  B: 
Chem.  1 60  ( 1 )  (201 1 )  580-591 ; 

(c)  M.  Righettoni,  A.  Tricoli,  S.E.  Pratsinis,  Thermally  stable,  silica-doped  e- 
W03  for  sensing  of  acetone  in  the  human  breath,  Chem.  Mater.  22  (10)  (2010) 
3152-3157. 

[85]  R.  Strobel,  L.  Madler,  M.  Piacentini,  M.  Maciejewski,  A.  Baiker,  S.E.  Pratsinis, 
Two-nozzle  flame  synthesis  of  Pt/Ba/Al203  for  NOx  storage,  Chem.  Mater.  18 
(10)  (2006) 2532-2537. 

[86]  M.  Minnermann,  H.K.  Grossmann,  S.  Pokhrel,  K.  Thiel,  H.  Hagelin-Weaver,  M. 
Baumer,  L.  Madler,  Double  flame  spray  pyrolysis  as  a  novel  technique  to  syn¬ 
thesize  alumina-supported  cobalt  Fischer-Tropsch  catalysts,  Catal.  Today  214 
(2013)90-99. 


